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Chapter 14
Surface Nano-structured Coating
for Improved Performance of Axial
Piston Pumps
Antonino Bonanno, Mariarosa Raimondo and Stefano Zapperi
Abstract The work starts from the consideration that most of the power losses in
a hydraulic pump is due to frictional losses made by the relative motion between
moving parts. This fact is particularly true at low operating velocities, when the
hydraulic lift effect must be able to maintain a minimum clearance in meatus to
limit the volumetric losses. The potential of structured coatings at nanoscale, with
super-hydrophobic and oleophobic characteristics, has never been exploited before
in an industrial application. The work studies the potential application of nano-
coating on piston slippers surface in a real industrial case. The aim is to develop a
new industrial solution to increase the energetic efficiency of hydraulic pump used
in earthmoving machines. The proposed solution is investigated using a dedicated
test bench, designed to reproduce real working conditions of the pump. The results
show a reduction of friction coefficient while changingworking pressure and rotation
velocity.
14.1 Scientific and Industrial Motivations
Hydraulic pump efficiency is one of the main concerns in trying to improve the
overall efficiency of mobile off-road machines and industrial plants. Axial piston
pumps and motors are mainly used in heavy-duty applications; the improvement,
albeit marginal, in overall efficiency may significantly impact the global efficiency
of the machine. The overall efficiency of energy conversion from fuel to unit of
production is as low as 18% on average, and the largest part of the losses are in
the internal combustion engine (~65%). The efficiency of axial piston pumps can be
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improved by means of a surface treatment technology mimicking what in the nature
is well known as the Lotus effect. The application of this technology to a real product,
with measurable objectives, would represent a result that can be quickly exported to
a new generation of industrial products.
In general, structuring of nanoscale surfaces has an impact on their wetting and
therefore fluid interaction to obtain high levels of repulsion against water (super-
hydrophobicity) or oils (oleophobicity) to which they come into contact. Many liv-
ing organisms in nature have superhydrophobicity or oleophobicity (Lotus leaves,
Nephentes plant, etc.), providing a valid chemical-structural model for the produc-
tion of synthetic surfaces of industrial interest. The literature presentsmany examples
of methodologies, or techniques, for modulating liquid-surface interaction through
surface roughness control, which induces the so-called, Wenzel state (partial wet-
tability) to Cassie-Baxter’s level that can guarantee high values of contact angle
(CA) between liquid and surface and, hence, high repulsion [1]. It is known that a
nanometric surface roughness (i.e. nanostructures with appropriate morphology-like
pillars, protuberances, etc.) causes that the liquid in contact with the surface is not
able to penetrate these discontinuities and is forced to remain on top of them. In this
case, the CA between liquid and surface reaches very high values (greater than 150°),
ensuring very low wettability. CA values also depend on other physical parameters,
including surface liquid tension and surface energy of the material, which is in turn
related to surface chemistry suitably combined with geometric factors. The technol-
ogy proposed in [2, 3] is able to produce very high CA surfaces (up to 170°) and
extremely low surface energy (<1mN/m) on different types of substrates (ceramics,
metals, copper alloys and aluminium).
The aimof thiswork is to develop a newgeneration of axial piston pumps by inves-
tigating the potential of a novel nanostructured coating, featuring superhydropho-
bic and oleophobic behaviour that can provide better performance to the interface
between lubricated moving parts of the hydraulic pumps and motors. This requires
to study at microscopic level the influence of surface roughness on the static or
dynamic wetting behaviour of fluids by means of numerical simulations. A key issue
is to find the optimal properties in terms of nano-patterning for frictionminimization.
Therefore it is needed to investigate how and to what extent the superhydrophobicity
and oleophobicity of the coatings depends on their specific structure at atomic-scale
level. In summary, this work set the following goals:
• Development of a nanostructured coating able to drastically change the fluid sur-
face interaction, specifically reaching a contact angle greater than 150° for water
and 110° for hydraulic oil, reducing the CAH (contact angle hysteresis) towards
water to values lower than 5°, and reducing the surface energy to values lower than
10 mN/m.
• Reduction of friction coefficient (10/15% at least) in parts of a hydraulic pump
subjected to relative motion.
• Characterization of friction and wear behaviour of the developed coat.
• Development of a computational model of friction and lubrication of confined
layer.
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• Development of a hydraulic pump prototype able to work using the nanocoated
components.
The chapter is organized as follows. Section 14.2 gives an overview of the state
of the art. Section 14.3 presents the steps of the proposed approach to functionalize
the surfaces of moving elements. Section 14.4 give the details of the developed
methodologies and tools, whereas the experiments and the analysis of the results is
addressed in Sect. 14.5. The conclusions are drawn in Sect. 14.6.
14.2 State of the Art
The main causes for efficiency reduction in hydraulic components are the lack of
adequate drain flow to maintain lubrication between moving parts and the lack of
hydrodynamic lift to slippers and delivery port plate [4]. Considering a performance
curve of a typical open circuit, variable displacement, axial piston pump, the critical
areas can be easily identified (for a given rotational speed) at low delivery pressure.
On the other hand, if the rotational speed is changed while keeping fixed the delivery
pressure, then it can be demonstrated that low speed conditions are the most critical.
Some attempts have been made in the past to overcome these limitations by using
ceramic materials [5] or special metallic coatings [6], but state of the art commercial
solutions still rely on surface finishing and geometric design. The potential bene-
fits for hydraulic pumps and motors, deriving from the application of the approach
proposed in this work, have been studied only recently.
The improvement of the energy performance (friction reduction) of the slip-
per in axial piston pumps with inclined plate has been addressed by several
authors [4, 5, 7] using experimental measures or through the use of computational
fluid dynamics (CFD) codes. Most of these used Reynolds’ simplified lubrication or
a complete 3D Navier-Stokes approach [8]. All models are based on the existence of
an anti-slip bond between fluid and solid. On the contrary, this paper removes such
assumptions thanks to the potential of a new surface geometrical configuration that
is able to generate a lubrication micro-channel with a slipping length of the same
order of magnitude of the geometric interface [1, 4, 5]. The movement of the fluid,
after the application of an external force, is influenced by the dynamic behavior of
the sliding surfaces. The resistance and lifting forces generated by the fluid are also
a function of the dynamic interaction between surface and fluid. There are very few
scientific articles presenting and describing these phenomena. Some [5] consider
the field of laminar motion, others [7, 8] turbulent conditions. However, among the
reported studies, no one applies the concept to real application cases and no existing
document links the effect of reduction of friction resistance, by means of coating, to
the efficiency of the components.
It is well known from the literature that structural modifications can be induced
by controlling the roughness degree of surfaces, so let wetting phenomena mov-
ing from an homogeneous state (termed as Wenzel state) to a discontinuous one
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(termed asCassie-Baxter state), this latter characterizing lowwetting conditions [9].
When roughness increases and nanostructures (i.e. pillars, bumps, etc.) develop, flu-
ids droplets falling on a surface are forced to stay on the top of asperities, giving rise
to high, stable hydrophobicity which, in some cases where surface chemistry is ade-
quately controlled, can also mean high oleophobicity. The air trapped on the rough
surface, in fact, makes the fluid droplet bead up at very high contact angle, which in
the case of superhydrophobic surfaces can reach values greater than 150° or greater
than 120° for oleophobic ones. The modification of chemistry, and hence of surface
energy, is also necessary to improve repellence to fluids, especially when the target is
the repellence towards oils. Surface energy and surface tension, in fact, are the other
two fundamental parameters for phenomena occurring at interfaces of a solid-liquid-
air system. Due to the quite low values of surface tensions of oils or alkane (much
lower for example than water), the design of oleophobic materials requires to lower,
as much as possible, the solid surface energy. Oleophobic performance described in
the literature [10, 11] correspond to surface energy values lower than 10 mN/m. In
this context, the preliminary results concerning the technology applied in this work,
revealed to be more efficient, producing materials with surface energy lower than 1
mN/m (substrates: ceramics, metals or alloys) [12–14].
The new superhydrophobic and oleophobic nano-coated surfaces need to be stud-
ied, also, from a computation modelling point of view. The nanoscale properties of
boundary lubrication were modelled using large scale molecular dynamics (MD)
simulations, in order to obtain a complete multiscale description of the frictional dis-
sipation. MD simulations are really important to estimate the friction and lubrication
phenomena, considering the new coated surfaces in a mathematical model of the
pump. The numerical boundary lubrication model was obtained performing molecu-
lar dynamics (MD) simulations of the frictional properties of lubricant molecules in
confined layers with superhydrophobic and oleophobic nanopatterned surfaces. MD
simulations follow the dynamics of all atoms in controlled computational experi-
ments where the bulk properties, interface geometries, mechanical loading and inter-
particle interactions can be varied to explore their effect on friction. MD simulations
are a standard methodology, largely exploited in the literature [15–17] to address
wetting mechanisms and validate empirical and theoretical models. If the considered
system contains enough liquid molecules, MD is indeed in principle capable to pro-
vide information about macroscopic parameters such as the density, surface tension,
viscosity, flow, static and dynamic contact angle which eventually can be compared
with experimental results.
14.3 Problem Statement and Proposed Approach
In a common hydraulic piston pump there is a set of parts that are in relative motion
(see Fig. 14.1): the pistons move alternately inside the cylinder block, the slippers
slide on the swashplate, the cylinder block rotate around his axis and slides on
the distribution plate. Herein, the attention is focused on the slippers to reduce the
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Fig. 14.1 Hydraulic piston pump
possible coating problem (geometry dimension, possible edge phenomena), and also
considering the lubrication regime.The lubrication regime that is established between
the slipper and the swash plate is hydrostatic, since the high pressure oil, which flows
into the oil chamber under the slipper through the shock absorber orifice, generates a
hydraulic force able to separate the two elements and allow their movement with low
energy expenditure. The design of the slipper is focused on the balance between the
hydraulic separation force and the pressure force acting on the slipper. The pressing
force acting on the slipper changes continuously during the normalworking condition
of the pump, thus modifying the equilibrium point between the acting force and the
reaction created by the lubricating film. Nevertheless, it is possible to maintain the
stability of the whole system thanks to the damping effect created by the orifice.
The traditional lubrication theory [18–21] shows that, between the slipper and the
swashplate there is a lubricant layer. The velocity profile of this layer shows a velocity
zero near the slipper (boundary layer) and a velocity equal to the swash plate linear
velocity near it. In this work it was investigated the possibility to reduce (eliminate)
the part of the layer where the flow velocity reduces to zero, by coating the slipper
with a superhydrophobic/oleophobic layer, which enables the boundary layer to have
a velocity different from zero although it moves on a fixed surface.
The problem was faced with a multi-objective approach. The first step
(Sect. 14.4.1) was dedicated to the design and synthesis of functional layer, i.e.
the design and synthesis of inorganic and hybrid organic-inorganic coatings able
to reduce or modulate the wettability of slippers against fluids. In this context, the
work was firstly focused on the synthesis of ceramic oxides nanoparticles (Al2O3,
ZrO2, etc.) in the form of stable colloids or nanosuspensions in different media (i.e.
alcohols or water), getting a high control degree on phases, particle size and com-
position. Also specific synthetic approaches were developed (i.e. sol-gel), involving
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particle nucleation directly from precursors present into the fluid, in the meantime
avoiding particle precipitation and ensuring a better control over physical variables
of suspensions.
The possibility to apply the developed oxide on the slipper was addressed in the
second step of the approach, by assessing the adaptation of deposition techniques to
the to specific piece design (Sects. 14.4.2, 14.5.1). In this context, coating deposition
by simple immersion techniques, such as dip-coating or spin-coating in controlled
conditions, was investigated to produce homogeneous functional surfaces, to easily
control the layer thickness in the order of nanometers, and to promote the formation
of micro- and nanostructures.
The assessment of tribological performance of the obtained samples was the third
step of the approach (Sects. 14.4.3, 14.5.2). The new surface treatment technology
should assure the reduction of friction but, at the same time, the pump ability to work
in the expected operative conditions, so it is necessary to have a complete tribological
and mechanical characterization of functional layers. A non-contact profilometry, a
detector of acoustic emission and a nanoindentator were used for this activity. The
first instrument was used to obtain the topography of the metals and alloys coated.
The acoustic detector gave the possibility to know the strength between the substrate
and nanostructured coating. The second instrument allowed to evaluate the coating
hardness of the surface layers.
The hydrostatic lubrication uses the fluid pressure to separate two surfaces that
have a sliding motion. If the lubricating film thickness does not suffice to separate
the sliding surfaces completely then wear takes place. In order to know how, the new
superhydrophobic and oleophobic surface modified the hydrodynamic lubrication in
comparison to the current slipper, a torque meter was used to evaluate the absorbed
torque considering the different lubricating condition (low and high pressure, low and
high velocity). Pressure sensor and flow meter were used to know how much flow is
necessary to ensure a good lubrication conditions at different pressure. These pieces
of information are relevant from a fluid power point of view, due to the possibility to
evaluate the oil flow used to maintain the hydrostatic lubrication. At the same time
the oil pressure and the flow necessary to guarantee the meatus using the nanocoated
surfaceweremeasured andcompared to thatmeasuredusing the traditional surface. In
addition, the absorbed torque was acquired to have information about the mechanical
efficiency.
The final part of the work was dedicated to the MD simulations (Sects. 14.4.4,
14.5.3) to study, also from the computational point of view, the lubrication conditions
obtained using the nanosctructured coating. The problem was faced by employing
different available simulation packages and tools to build a powerful and efficient
computational framework specifically aimed at performing extendedMDsimulations
and hybrid multiscale modelling.
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14.4 Developed Technologies, Methodologies and Tools
14.4.1 Design and Synthesis of Functional Layer
The first part of the work was focused on the sol-gel synthesis of ceramic oxide
nanoparticles suspended in different solvents (water and alcohols) which can be
used to create coatings able to modify the wettability of materials. Superhydrophobic
(water repellent) and superoleophobic (repellent towards fluids with a lower surface
tension than water) surfaces on different materials, particularly on ceramics, metals
and alloys, were developed starting from two patents [2, 3]. Moving from the ever-
growing literature [15] the activity focused on the ability to produce precursors of
functional coatings through water-phase synthesis (instead of an alcohol-phase syn-
thesis) in order to reduce environmental impact and move towards a more favourable
transfer to the industrial scale in terms of costs and safety.
The precursor of the ceramic oxide is aluminium tri-sec-butoxide; in water sol-
vent, first it undergoes hydrolysis, then it forms Al-O-Al bonds during a peptization
process. To avoid a too fast hydrolysis of the butoxide with Al(OH)3 precipitation, a
chelating agent was dissolved in water (ethyl acetoacetate) before adding the butox-
ide; the chelating agent substitutes the butoxide, slowing down the hydrolysis. In
order to obtain a good granulometric distribution of the suspension, which has to
stay below 100 nm to lead to the formation of nanoparticles and avoid aggregates,
a HNO3 solution is gradually added to the mixture; protons bond to and charge the
surface of forming particles, stabilizing them and avoiding aggregation. After 24 h at
70 °C, a transparent sol is obtained (pH3.64). A scheme of the reaction is reported
in Fig. 14.2a.
14.4.2 Slippers Coating
After the sol preparation, the activities were focused on the slippers coating. Before
the functionalization, the sampleswere sandblasted to create amicro-scale roughness
which promotes adhesion by the coating and provides better mechanical resistance
[16]. Usually, sandblasted samples show roughness of about 4–5 μ. Figure 14.2b
shows the dip coated used to coat samples with different morphology and size.
The methodology is easily transferrable to industrial scale. The slipper samples were
dipped in the sol in two different configurations:with horizontal axis andwith vertical
axis.
The dipping conditions of the skid in the sol were the following:
• Dipping speed: 2 mm/s.
• Time standing still in the sol: 5 s.
• Withdrawing speed: 2 mm/s.
After emersion of the samples, the coatings required the following treatments:
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Fig. 14.2 a Sol-gel synthesis methodology; b dip coater
• First thermal treatment: 400 °C for 60 min in muffle furnace.
• Boiling in water for 30 min to create the so-called flower-like boehmite AlO(OH)
nanostructure.
• Second thermal treatment: 400 °C for 10 min in muffle furnace to reinforce
boehmite film.
• Dipping in a fluoroalkylsilane solution (FAS—Dynasilan SIVO Clear EC di
Evonik) (withdrawing speed 2mm/s, time standing 2min) to lower surface energy.
• Final thermal treatment at 150 °C for 30min to allowcrosslinkingby thefluorinated
layer and reinforce the film.
All experimental settings were optimized to obtain the best wettability perfor-
mance for the coatings. Furthermore, it was verified that the samples were dimen-
sionally stable at the temperatures used during thermal treatments. Functionalized
samples were then characterized in terms of wettability with water and lubricant
Arnica 46, representative of the oils used in axial pumps.
14.4.3 Slipper Test Bench
A slipper test bench was designed and realized to test the coated slippers without
needing to use a pump. Figure 14.3 shows the test bench designed to measure the
friction reduction obtained using the superhydrophobic/oleophobic layer. It uses an
inverse working principle compared to the real hydraulic piston pump. In fact, in the
pump, the piston block rotates, moved by the transmission axle, dragging the piston,
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Fig. 14.3 Slipper test bench
and consequently the slippers, in his rotation. The slippers slip on the plate, which is
fixed. In the test bench, due to realization problems, the principle was inverted and
the plate rotates while the slippers have only the possibility to move axially on the
plate. From a kinematic point of view, the movement is the same: a relative sliding
between the slippers and the plate.
The frame is made by tubular profile structural steel (FE 360B). The elastic cou-
pling, constituted by a double wheel hub and a star in polymeric material, allows the
transfer ofmechanical power to load. The dimensions andmaterials have been chosen
according to the geometric dimensions of the shaft and taking in consideration that
the kinematic system is subjected to a mechanical locking. The transmission shaft
was made of 39NiCrMo3 tempered steel, thus guaranteeing good tenacity (typical in
the tuning phase and in the case of accidental failure). The ball bearings mounted on
rigid supports have been chosen in order to guarantee a maximum rotating speed of
3000 rpm. The advantages of this configuration are many: the possibility to see the
slipper behaviour, the possibility to measure the friction torque and then the friction
coefficient, the possibility to easily change the tested prototype without disassemble
a complete pump. The results of the tests performed using the designed test bench
are showed in the next section.
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14.4.4 MD Simulation
Another important task is the study, at a microscopic level, of the influence of surface
roughness on the static/dynamic wetting behaviour of fluids by means of numerical
simulations. Our aim was to understand how and to what extent the superhydropho-
bicity/oleophobicity of the coatings depends on their specific structure at atomic-scale
level. TheMD (molecular dynamic) studywas approached within the framework of a
basic standard solid-fluid model, which allows us to outline and understand the main
features of the fluid interaction with a nano-patterned surface in a simple and effec-
tive way. We modelled solid-solid and solid-fluid interaction with the Lennard-Jones
pair potential reported in (14.1) which is suitable for neutral atoms or molecules
and is composed of a steep short-range repulsive term and a smoother long-range
attractive one (van der Waals type).
ELJ 
⎧
⎨
⎩
4ε
[(
σ
r
)12 − ( σr
)6
]
r < rc
0 r > rc
(14.1)
The relevant quantities are the depth of the potential well (ε), the finite distance
at which the interparticle potential is zero (σ), the distance between the particles
(r), and the cut-off distance at which the potential vanishes (rc). We have two sets of
parameters, one for the solid-fluid interactions and one for the fluid-fluid interactions,
but in the following pictures we used dimensionless units and we just had to deal
with two parameters ε*  εFS/εFF and εσ* σFS/σFF. In this model the ε* parameter
represents an effective interaction and accounts for all the aspects of the solid-fluid
interactions due tomaterial properties and chemical treatments. This is the parameter
to be varied to outline in general the role of surface chemical condition in frictional
dissipation. The role of nanopatterning from a geometrical point of view is instead
studied by varying the roughness of the solid surfaces, i.e. their geometrical texture
in terms of vertical deviations from the flat condition (Fig. 14.4).
We implemented also MD simulations of a fluid confined between walls with
rough surfaces in order to study how roughness affects the friction at the boundaries.
A shear (Couette) flow in the channel was induced by moving the upper wall with
velocity v0 and the lowerwall with velocity−v0.We vary the LJ parameters in a range
such that the velocity profile is always≈ linear. In the presence of nanostructured
coatings, the interaction between fluid and wall could be described as sliding, i.e. a
situation in which the value of the tangential component of the speed seems to be
different from that of the solid surface. This behaviour is described, in the simplest
way, assuming that the tangential force per unit area exerted on the solid surface
is proportional to the sliding speed, i.e. σxz  kvsli p where x is the direction of
the flow and z the orthogonal one. Combining this with the constitutive equation
for the bulk Newtonian fluid σxz  ηϑzvx one gets the so-called (scalar) Navier
boundary condition vsli p  η/kϑzvx ≡ δηϑzvx . The last equality defines the slip
length δ  η/k which represents the distance inside the solid to which the velocity
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Fig. 14.4 Summary of the procedure adopted to extract the contact angle from MD results
has to be extrapolated to reach zero. This slip length represents a measure of the
friction of the fluid at the solid walls and is thus influenced by the surface roughness,
which is expected to reduce friction in the same fashion as it reduces the contact
angle. These results basically confirm what we already found in the case of the static
contact angle and conform to the existing literature: the rougher the surface (at fixed
interaction potential) the better the slippage, i.e. less friction.
14.5 Experiments
Several specimens were developed during the work. The state of the art shows the
possibility to coat laboratory samples having flat (or approximately flat) surface,
without edges, undercut, or abrupt change of section. However, in this work the
attention was focused on a real industrial component, i.e. the slipper of a hydraulic
pump. Therefore, the greater part of specimens are functionalized (coated) slippers
which were developed to test and investigate the superhydrophobic/oleophobic layer
performance, the different coating (with and without ceramic substrate), and the
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Fig. 14.5 Mapping of different zones were the CA characterization were performed
different slippers geometries. Furthermore, a complete pump was realized and tested
in a dedicated test bench.
The slipper shows a complex surface from the coating perspective (see Fig. 14.5).
14.5.1 Fluid Surface Interaction
The first prototypes were developed starting from the slipper geometry actually used
in the industrial hydraulic piston pump. No modification was introduced except the
application of nanostructured coating on the sliding slipper surface. Eight couples of
functionalized slippers were made by coating the sliding surface.
After the functionalization of the surfaces, the performance was characterized by
measuring the WCA (water contact angle), the CAH (contact angle hysteresis), the
SE (surface energy), and the OCA (oil contact angle). The results obtained can be
summarized as follow:
• The mean WCA of standard sample, measured in zone 1 and 2 were respectively
74.8°±1.0° and 88.9°±1.1°.
• The mean WCA of functionalized samples, coated in horizontal position, was
142.6°±2.6° degree in zone 1, 122.0°±5.1° in zone 2, 120.8°±2.7° in zone 3
and 124.4°±3.0° in zone 4.
• The mean WCA of functionalized samples, coated in vertical position, was
158.8°±2.8° degree in zone 1, 123.5°±3.0° in zone 2, 134.7°±1.6° in zone
3 and 112.2°±1.0° in zone 4.
The results demonstrate that the nanostructured coating, developed as explained in
the previous section, is able to change the surface wettability reaching contact angle
typical of superhydrophobic layer (CA>150°). The vertical position is more efficient
in term of coating performances. The developed methodology is able to drastically
modify the slipper working surface (zone 1 in Fig. 14.5) contact angle from 74.8° to
158.8°. The contact angle hysteresis (CAH), using water as the measurement fluid,
was measured by needle technique (droplet volume 2μL). The smaller the hysteresis
value, the better the ability of a surface tomake a drop slip (better dewetting properties
[1]). CAH values measured on treated samples were:
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• 4.54°±2.04° for horizontal coating configuration
• 1.90°±1.50° for vertical coating configuration.
The sample dipped with vertical axis proved to be more performing also in terms
of hysteresis. The static contact angle was measured by diiodiomethane. Evaluations
were carried out on zones 1 and 2 both on the treated samples and on the sanded sam-
ple. Using the Owens-Wendt-Rabel-Kaelble algorithm it is possible to calculate the
surface energy in the different points of the analysed samples. The measurements are
made by comparing the results obtained with diiodiomethane (surface tension 50.8
mN/m) with those obtained with water. The results obtained showed the efficiency
of nanostructured coating: the SE of coated sample (vertical coating configuration)
results 0.47±0.05 (mN/m) against a surface energy of 38.87±1.00 (mN/m) mea-
sured for the standard sample. The comparison of the results obtained on the coated
slipper with those obtained from the standard sample shows that the surface energy is
reduced to values close to zero. Of particular relevance is the fact that the lowest SE
value (0.47mN/m)wasmeasured on zone 1 of the sample, the working face normally
used by the slipper. Low surface energy is a fundamental parameter, together with
surface nanostructure, to obtain oleophobicity [9, 10, 22], which is the repellence
towards low surface tension liquids (at least lower than water). The CA measure-
ment performed considering ARNICA 46 hydraulic oil as fluid showed again the
high repellence obtained thanks to the nanostructured coating:
• CA with ARNICA 46, standard sample: 16.7°±2.3°
• CA with ARNICA 46, functionalized sample: 123.8°±11.8°.
14.5.2 Tribological Performance
The following tests were performed to assess the tribological performance:
• The scratch test in order to determine the mechanical strength adhesion, intrinsic
cohesion of coating. The tests were performed with a CSM Revtest machine,
applying a progressive normal load from 1 to 20 N. The total length of scratch was
5 mm, the indenter speed 10 mm/min.
• The pin on disc test in order to evaluate the wear and friction characteristics of
slippers both in dry and lubricated environments. This test was performed with
a CSM tribometer. The test conditions were: load 10 N, speed 20 cm/s, room
temperature, pin 18MnCr5, pin diameter 2.4 mm, laps 5000.
• The surface analysis by means of a non-contact profilometer Taylor Hobson Taly-
surf CCI 3000Å.
A total of eight pairs of samples were tested: 2 standard (sand blasted and not
sand blasted) and 6 coated samples. The coated slipper shows quite the same aver-
age roughness (1.5–2.5 μm) with only one that shows a lowest surface roughness
(≈0.8 μm).
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(a)
(b)
(1) (2)
Fig. 14.6 a Scratch track of slipper coated with batch 5; b Wear test tridimensional profiles (1)
batch 4; (2) batch 5
As for the adhesion results, no substantial differences, in terms of cracks typolo-
gies were found between the functionalized slippers. Nevertheless, comparing the
acoustic emission, a lower value was found for the batch 1 and 6. This phenomenon
suggests that lower microcraks appeared along the scratch channel.
The lubricant reduces the friction coefficient in all cases:
• WET TEST: average friction coefficient 0.145±0.035
• DRY TEST: average friction coefficient 0.233±0.072.
As for the surface functionalization, it does not reduce the friction coefficient.
However, it must be stressed that the test cannot simulate a hydrostatic lubrica-
tion condition, as in hydraulic piston pump. An increment of the wear resistance is
observed for the slippers coated with batch 2, 4 and 5. In fact, at the end of the tribo-
logical test, it was difficult to measure the track depth. SEM-EDS analysis supports
tribological results. In Fig. 14.6 a summary of results is showed.
Different pairs of standard and functionalized samples were tested in a dedicated
test bench, considering a constant rotation velocity (700 rpm) and different pressures
from 10 to 50 bar. Figure 14.7 shows the mean friction coefficient both for standard
and functionalized samples. The friction coefficient reduction is between the 40%
(at lower pressure) and 25% (at higher pressure),
Other six pair prototypes were made to test the ceramic substrate influence on
the slipper behaviour. In fact, it is possible to coat the slipper with fluoroalkylsilane
solution (FAS—Dynasilan SIVO Clear EC di Evonik), to reduce the surface energy,
without performing a complete surface functionalization (ceramic substrate+FAS
coating). The coating with only FAS without the ceramic substrate, although giving
comparable results in term of friction reduction in a normal (not endurance) test, do
not give as good performance in term of duration, being abraded after 20 h.
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Fig. 14.7 Mean friction coefficient for standard (blue curve) and functionalized (red curve) samples
14.5.3 Testing the Computational Model
We started by analysing the static wetting mechanism and simulating liquid drops at
equilibrium on different surfaces. To extract the contact angle θ from the MD result
we adopted a simple fitting procedure of the density profile of the drop at equilibrium
(Fig. 14.4). We then considered also a dynamical framework, with simulation of a
liquid between moving flat/rough walls. We considered the influence on the contact
angle due to geometrical nano-scale effects and implemented MD simulation with
rough surfaces. We generated randomly rough surfaces with controlled root-mean-
square roughness and correlation length and look at the variation of the contact angle
as a function of roughness at fixed interaction strength . Figure 14.8 shows snapshots
of drops at equilibrium for different values of the surface roughness compared to the
flat case: the key feature is that the contact angle increases for increasing roughness.
This corresponds to the well-known fact that surface roughness benefits the fluid-
repellent properties when they are present [16, 17, 23].
Figure 14.9 shows the curves representing the contact angle for different surface
roughness. It can be noticed that the contact angle increases for increasing roughness.
Regarding the MD simulations of a fluid confined between walls with rough sur-
faces, we obtained some velocity profiles (not showed) resulting from our simulation
for varying roughness. These results confirm that the rougher the surface (at fixed
interaction potential), the better is the slippage, i.e. less friction. To study the role
of surface conditions in frictional dissipation from a more chemical point of view,
we implemented simulations of the static contact angle on a flat surface and we
looked its variation as a function of the strength of the solid-fluid interaction. The
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Fig. 14.8 Variation of the contact angle in the presence of a rough surface. A randomly rough
surface is generated with controlled root-mean-square roughness w and correlation length c (top).
For fixed interaction strength , we then look at the difference in the contact angle for different
values of w, in this example w0.8 (left) and w0.5 (right)
Fig. 14.9 Contact angle on a rough surface as a function of the roughness w for *0.5. Different
curves correspond to different equilibration times
results obtained show that contact angle is inversely proportional to the strength of
the potential. Superhydrophobic coatings would thus be efficiently simulated using
the proposed methodology.
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14.5.4 Testing the Hydraulic Pump
Finally, a prototype of hydraulic piston pump was realized, starting from a com-
mercial pump (HP P8 made by Hp-Hydraulic, Bondioli & Pavesi Group) installing
functionalized slippers instead of normal one. The pump was tested in a dedicated
test bench working in closed circuit. Contrary to the expectations, the results are
in contrast to that obtained in the slipper dedicated test bench because the standard
slippers work better than functionalized ones. This is probably due to the fact that
the slippers, mounted on the pump, are subjected to working conditions that we were
not able to reproduce during the test performed in the dedicated test bench. In order
to investigate this last phenomenon, other slipper prototypes were made considering
geometrical modification.
The results obtained have opened a broad series of questions in which the pump
manufacturer has been involved.
14.6 Conclusions and Future Research
This work investigated the potential of surface nano-coating of the piston slippers
surface, with the aim of achieving better energy efficiency in a real industrial com-
ponent by means of a drastic reduction of the friction coefficient. We have designed
and synthesized a functional layer, obtaining a good granulometric distribution of the
suspension [24–28]. We have demonstrated the feasibility of the coating processes
and the adaptability of deposition techniques to the hydraulic piston pump slippers
(Sect. 14.5.1). Thanks to the nanostructured coating it was possible to obtain, with
water, a contact angle of 158.8±2.8° (superhydrophobic behaviour), whereas with
oil the contact angle is 123.8±11.8° (oleophobic behaviour), where the standard
slipper show a contact angle of only 16.7±2.3° (oleophilic behaviour). The samples
where characterized from a tribological point of view (Sect. 14.5.2). Furthermore,
wear analysis of the coatings, with particular focus on the relationship between coat-
ings features and wear mechanisms (via SEM-EDS), have been done. Considering
the adhesion results, no substantial differences, in terms of cracks typologies were
found between the functionalized slippers. The lubricant reduces the friction coeffi-
cient in all cases. As for the surface functionalization, it does not reduce the friction
coefficient. However, it has to be stressed that the pin-on-disc test cannot simulate a
hydrostatic lubrication condition, as we have in the real pump.
The influence of the new superhydrophobic and oleophobic surface on the hydro-
static lubrication was investigated thanks to a dedicated test rig. The results [29–31]
showed that, using the functionalized oleophobic coating, is possible to have a friction
coefficient reduction from 20 to 30%, in function of the different working condition.
The last part of the work was dedicated to the influence on the contact angle due to
geometrical nano-scale effects implementing a MD simulation with rough surfaces
(Sect. 14.5.3). The key results obtained were:
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• the contact angle increases for increasing roughness;
• the rougher the surface (at fixed interaction potential) the better the slippage, i.e.
less friction;
• stronger fluid-solid interaction (at fixed surface roughness) means less slippage,
i.e. more friction.
All these results confirm the literature, demonstrating the performed analysis
validity. Future developments will be focused on the investigation of the possibility
to apply the same coating on other pump component and to overcome the problems
faced during this project, especially those related to the coating wearing.
Finally, the exploitation of the scientific results led to the submission and approval
of a research project titled “ERCOLE on APP—Energy Recovery Coatings Origi-
nating Lubrication Effects on Axial Piston Pumps” funded under the call of Regione
Emilia Romagna dedicated to the factories involved in the seismic events of 2012
(art. 12 DL 74/2012). The project was focused on antifriction solutions (not only
oleophobic coating) to improve the efficiency of hydraulic piston pump.
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